Bulk experimental evidence of half-metallic ferromagnetism in doped manganites 



O 

o 
o 

< 



X3 
O 

o 



in 

00 

o 
o 
o 



o 



X 



Guo-meng Zhao and H. Keller 
Physik-Institut der Universitdt Zurich, CH-8057 Zurich, Switzerland 

We report precise measurements and quantitative data analysis on the low-temperature resistivity 
of several ferromagnetic manganite films. We clearly show that there exists a T*'^ term in low- 
temperature resistivity, and that this term is in quantitative agreement with the quantum theory 
of two-magnon scattering for half metallic ferromagnets. Our present results provide the first bulk 
experimental evidence of half-metallic ferromagnetism in doped manganites. 



The concept of half-metallic ferromagnets was first in- 
troduced by de Groot et al. in 1983 Half- metallic fer- 
romagnets are characterized by completely spin-polarized 
electronic density of states at the Fermi level, that is, 
the majority spin channel is metallic while the Fermi en- 
ergy falls in a band gap in the minority spin density of 
states. Such a novel physical property makes the ma- 
terials very promising in technological applications such 
as single-spin electron sources and high-efficiency mag- 
netic sensors. The half-metallic feature has been pre- 
dicted for Cr02 However, spin-resolved photoemis- 
sion measurement on the material has not confirmed 
this prediction On the other hand, the local den- 
sity approximation (LDA) band-structure calculation on 
La2/3Cai/3Mn03 Q| has shown an electronic structure 
of a nearly half- metallic ferromagnet (i.e., the major- 
ity spin channel is metallic while the Fermi energy lies 
within a band edge of the minority spin channel). Spin- 
resolved photoemission study on a Lao.TSro.aMnOa film 
has demonstrated an electronic structure with spin po- 
larization of nearly 100% at Fermi level, which possibly 
manifests the half- metallic feature However, the spin- 
resolved tunneling measurements showed 54% (Ref. |^) 
and 81% (Ref. polarization of conduction electrons 
in Lag g7Sro.33Mn03. Since both photoemission and tun- 
neling experiments are rather surface sensitive, the con- 
troversial conclusions drawn from these experiments are 
not so surprising. One needs to look for bulk sensitive 
experiments to unambiguously demonstrate whether the 
doped manganites are truly half-metallic ferromagnets or 
not. The clarification of this issue can place an essential 
constraint on the future prospect of this material in tech- 
nological applications. 

Since the Fermi level only crosses the majority spin 
bands in half- metallic ferromagnets, the emission or ab- 
sorption of single magnon is forbidden, because the car- 
riers have no conducting minority states at low energy 
to spin-flip scatter into. Therefore, the temperature- 
dependent term in the low-temperature resistivity due to 
single-magnon scatter should be absent. Instead, two- 
magnon scattering is allowed, and leads to a T^'^ temper- 
ature dependence in resistivity, as predicted by Kubo and 
Ohata P|. Since this T^^^ term should be rather small, it 



is difficult to identify this term if the other contributions 
to the resistivity are dominant. Nevertheless, if one can 
unambiguously identify the T^'^ term, one provides bulk 
experimental evidence for the half-metallic nature. In 
this letter we not only show that there indeed exists the 
T* '^ term in several manganite ferromagnets, but also 
demonstrate that the coefficient of the T^^^ term is in 
quantitative agreement with the quantum theory of two- 
magnon scattering ||]. 

In half-metallic ferromagnets, the low-temperature re- 
sistivity due to two-magnon scattering was found to be 
p^o = AT"^-^ (Ref. |§). The coefficient A has an analyt- 
ical expression in the case of a simple parabolic conduc- 
tion band (occupied by single-spin holes) In terms 
of the hole density per cell n, the average spin stiffness 
D, and the effective hopping integral t* , the coefficient 
A can be written as 



A ^ (-^)(2 - n/2)-2(6^2^)5/3(2.52 + 0.0017-^ 
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Here we have used the relations: akp = (67r^rt)-'^/^ (where 
Tikp is the Fermi momentum, and a is the lattice con- 
stant); Ep = i*(67r2)2/3(o.52/3 _ „2/3) (where the Fermi 
energy Ep is measured from the band center); the effec- 
tive spin 5** = 2 — n/2. The value of t* can be estimated 
to be about 40 meV from the measured effective plasma 
frequency hH.* — 1.1 eV and n ^ 0.3 in Lao.7Cao.3Mn03 

f. In ferromagnetic manganites, D is about 100 meV 
(see below), so the term 0.0017L'/a2t*<< 2.52, and 
can be dropped out in Eq. 1. Then there are two pa- 
rameters n and D that determine the magnitude of A. 
In doped manganites, n should be approximately equal 
to the doping level x, as it is the case in Lai_a;Sra;Mn03 
system (see below). The average spin stiffness D should 
be close to the long-wave spin stiffness D{0) if there is 
negligible magnon softening near the zone boundary. 

It has recently been shown |Q that the dominant con- 
tribution to the low-temperature resistivity is due to scat- 
tering from a soft optical phonon mode, which gives a 
term proportional to ujs/ sinh'^{huJs/2kBT), where is 
the frequency of a soft optical mode. If we include a 
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possible contribution from two-magnon scattering |9| , or 
from acoustic-phonon scattering |^ , the temperature de- 
pendent part of the resistivity can be generally expressed 
as 

p{T) - po^ AT°' + Bujs/ smh'^{hujs/2kBT), (2) 

where po is the residual resistivity; A and B are tem- 
perature independent coefficients. The power a = 4.5 if 
the major contribution is from two-magnon scattering, 
while a = 5 if the main contribution is due to acoustic 
phonon scattering. We can make a distinction between 
the two cases. For acoustic phonon scattering, the coef- 
ficient A should be independent of the applied magnetic 
field if m*/n or po does not depend on the field (where 
m* is the effective mass of carriers) . This is because A oc 
(^)^(^-d)^^ in this case, where 6jj is the Debye temper- 
ature For two-magnon scattering, a magnetic field 
induces a gap in spin- wave excitations, so that A should 
decrease with increasing magnetic field. 
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FIG. 1. The resistivity of the films Lai_a;Caa;Mn03 over 
100-300 K. As X increases, the metal-insulator crossover tem- 
perature increases. 

Epitaxial thin films of Lai_a;Ca3;Mn03 were grown on 
<100> LaAlOs (LAO) or NdGaOg (NGO) single crystal 
substrates by pulsed laser deposition using a KrF excimer 
laser The films were post annealed in 1 bar oxygen 
at 940 °C for 10 h. The resistivity was measured using 
the van der Pauw technique, and the contacts were made 
by silver paste. The measurements were carried out in a 
Quantum Design measuring system. 

Fig. I shows the temperature dependence of the resis- 
tivity for the films of Lai-ajCaajMnOs over 100-300 K. As 
X increases the metal-insulator crossover temperature in- 
creases. The Curie temperature Tc should coincide with 
a temperature where d In p/dT exhibits a maximum. The 
Tc values with this definition are listed in Table L 

In Fig. 2, we show the temperature-dependent part of 
the resistivity at low temperatures for Lao.75Cao.25Mn03 
film measured in zero magnetic field (a), and in a mag- 
netic field of 4 T (b) . We fit the data in zero field by Eq. 2 



using three fitting parameters: A, B and uJs, and a fixed 
a = 5. Meanwhile, we fit the data in 4 T magnetic field 
with two fitting parameters: A and B, and with fixed ujs 
and a which are the same as those in zero field case. One 
can see that the fits are very good in both cases. Note 
that we have excluded the data above 100 K in the fitting 
since n/m* above 100 K becomes temperature dependent 
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FIG. 2. The temperature-dependent part of the resistivity 
at low temperatures for the film of Lao.75Cao.25Mn03 mea- 
sured in zero magnetic field (a), and in 4 T magnetic field 
(b). The solid lines are the fitted curves by Eq. 2 with a fixed 
a = 5. The residual resistivity po does not depend on the 
magnetic field within the experimental uncertainty. 

An important finding from the fits is that the param- 
eters B and Us are independent of magnetic field, while 
the value of the parameter A in 4 T magnetic field is 
smaller than that in zero magnetic field by a factor of 
1.5. Such a strong field dependence of the coefficient A 
is not expected from acoustic phonon scattering unless 
m*/n or po also strongly depends on the field The 
fact that Po is independent of the magnetic field rules out 
the possibility that the AT" term in Eq. 2 can arise from 
acoustic phonon scattering. 

Fig. 3 shows the temperature-dependent part of the 
resistivity at low temperatures in zero magnetic field for 
Lai_a;Caa;Mn03 films with different x. The solid lines are 
the fitted curves by Eq. 2 with three fitting parameters: 
A, B and uig, and with a fixed a — 4.5. The values of the 
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fitting parameter A are summarized in Table I. The hujs 
value is 6.41±0.03 meV for x = 0.25, 7.40±0.06 meV for 
X = 0.30, and 6.90±0.06 meV for x = 0.40. The doping 
dependence of lus is very simialr to that of 9d found for 
Lai_a;Sra;Mn03 system The absolute values of TiuJs 
are very close to the phonon energy (6 meV) of the ro- 
tational vibrations of the oxygen octahedra in a similar 
perovskite Ba(Pbo. 75610.25)03 This rotational mode 
is shown to be strongly coupled to conduction electrons 
by tunneling experiment p4|. 
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FIG. 3. The temperature-dependent part of the resistivity 
at low temperatures for the Lai_2,Ca2,Mn03 fihns with differ- 
ent X. The solid lines are fitted curves by Eq. 2 with a fixed 
a = 4.5. 
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FIG. 4. The long-wave spin stifltness D{0) as a function of x 
for different manganite systems. The data of Lai_a;Sra;Mn03 
are taken from Ref. jl8| , [L9[ . The data of Lai-xCaajMnOs are 
from Ref. jopll ]. The data of (Nd,Pr)i_:,Sr:,Mn03 are taken 
from Ref. 

In order to further confirm that the T^'^ term indeed 
originates from two-magnon scattering, it is neccessary to 
show that the values of the coefhcient A in Table I should 
be in quantitative agreement with Eq. 1. Since the A 
value in Eq. 1 is sensitive to the hole density n, it is es- 
sential to determine the n value more reliably. Roughly 
speaking, one might expect that n ~ x. Since doped 
holes mainly reside on the oxygen sites , each oxy- 

gen hole will produce a ferromagnetically coupled bond 
with an exchange energy J~ip^/A^, where tpd is a hy- 
bridization matrix element between the d and p orbitals, 
and A is a charge transfer gap jl^ . Then one can read- 
ily show that the long- wave spin stiffness D{Q) oc n. In 
Fig. 4, we plot £'(0) as a function of a; for different man- 
ganite systems. For Lai_a;Sra;Mn03 system, the linear 
relation between D(0) and x holds up to a; = 0.3, imply- 
ing that n = X for 0.15 < x < 0.3. For Lai_a;Caj;Mn03 
and (Nd,Pr)i_j,Sra;Mn03 systems, -D(O) starts to deviate 

TABLE I. The summary of the fitting parameter A, the 
measured Tc, the estimated hole density per cell n, and the 
calculated D/kBTc for Lai_a;Ca2,Mn03. The uncertainty in 
Tc is ± 1 K. The measured values of Tc and D{0)/kBTc 
from neutron scattering for Lao.rSro.sMnOs (LSMO30) |2^] 
are also included in the last row. 



Compounds 



Tc 
(K) 



A 



0.25 (H = 0) 
0.25 (H = 4 T) 
0.30 
0.40 

LSMO30 



232 0.24 



253 
262 
378 



0.26 
0.26 



1.20(2) X 10 
0.82(2) X 10 
1.70(3) X 10 
1.27(3)xl0 
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(1^) 



-P(O) 



5.97 

5.71 
5.88 



5.8(2) 
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from the linear relation above x = 0.2 and remains a 
constant for 0.30 < cc < 0.40. From the linear relation 
between n and D{0), we find n — 0.24 for x = 0.25, n — 
0.26 for X = 0.30 and 0.40. 

Now we can calculate the average spin stiffness D using 
Eq. 1 and the A values listed in Table I. The calculated 
D/ksTc values for three manganite compounds are sum- 
marized in Table I. It is remarkable that the D/kgTc val- 
ues deduced from the resistivity data are very close to the 
D{0)/kBTc value (5.8±0.2 A^) for Lao.rSro.gMnOg from 
neutron scattering | p3[ | . Since the magnon softening near 
the zone boundary is negligible when the Tc is higher 
than 350 K |Q, there should a negligible magnon soft- 
ening in the compound Lao.ySro.sMnOs with the highest 
Tc ~ 378 K. In this case, one should expect that D ~ 
D{Q). On the other hand, D < D{0) if there is a magnon 
softening near the zone boundary as the case of low Tc 
materials In any cases, one might expect that the 

average D should be proportional to Tc so that D/ksTc 
is a univeral constant in the manganite system. This 
has indeed been verified by the result shown in Table I. 
Therefore, our present results provide a quantitative con- 
firmation for the quantum theory of two-magnon scatter- 
ing. 

Since the quantum theory of two-magnon scattering is 
valid only for half-metallic ferromagnets, the quantita- 
tive proof for the theory in the doped manganites gives 
bulk experimental evidence that the ferromagnetic man- 
ganites are indeed half-metallic materials. We are not 
aware of any other materials which have been confirmed 
to be half-metallic ferromagnets by bulk-sensitive exper- 
iments. The unique half-metallic nature only found in 
these doped manganites makes them one of the most im- 
portant and useful materials in future technological ap- 
plications. 

In summary, we report precise measurements and 
quantitative data analysis on the low-temperature resis- 
tivity of several ferromagnetic manganite films. We show 
that there exists a T^'^ term in low-temperature resis- 
tivity, and that this term is in quantitative agreement 
with the quantum theory of two-magnon scattering for 
half metallic ferromagnets. Our present results provide 
the first bulk experimental evidence of half-metallic fer- 
romagnetism in doped manganites. 
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